Objective The objective of this study was to test the hypothesis that hemoglobin concentration after return of spontaneous circulation (ROSC) is associated with neurologic outcome after cardiac arrest in patients treated with targeted temperature management.
INTRODUCTION
Cardiac arrest (CA) is a worldwide major public health problem and the survival rate of out-of-hospital cardiac arrest (OHCA) is still low. 1, 2 Hypoxic ischemic brain injury is a major cause of morbidity and mortality of postcardiac arrest syndrome (PCAS). While the optimal target temperature is unknown, targeted temperature management (TTM) is well known to improve survival and neurologic outcome after CA. [3] [4] [5] In addition to TTM, the optimal PCAS care should include comprehensive packages of intensive care treatment such as early percutaneous intervention, hemodynamic optimization, oxygenation and ventilation strategies, glucose management, and seizure detection and treatment to prevent secondary injury. [6] [7] [8] Therefore, appropriate strategies and goals of optimal PCAS care should be further studied.
An imbalance between oxygen delivery and cerebral metabolic demand could worsen ischemic-reperfusion injury and lead to irreversible cell death. However, optimal cerebral oxygen delivery during PCAS care is currently unknown. The hemoglobin concentration is an essential component of oxygen delivery. Low hemoglobin concentration can impair the neurologic outcome by affecting oxygen delivery. Recent studies have demonstrated that hemoglobin levels were associated with neurologic outcome after CA. [9] [10] [11] However, previous studies on hemoglobin's effect on that outcome have included both patients receiving TTM and those who did not. Therefore, it is necessary to demonstrate the association between hemoglobin levels and neurologic outcome after CA in those patients treated with TTM, because TTM is generally considered as the standard of care after CA. The objective of this study was to test the hypothesis that hemoglobin levels after return of spontaneous circulation (ROSC) are associated with neurologic outcome after cardiac arrest in patients treated with TTM.
METHODS

Patients and setting
We performed a retrospective observational study using prospectively collected data from a single tertiary educational hospital in Seoul, Korea between January 2009 and December 2015. Our hospital is a 1,350-bed tertiary care referral center that maintains a prospective database for all post OHCA patients. The inclusion criteria were patients who were older than 18 years of age, were resuscitated from OHCA, and were treated with TTM. Patients were excluded if hemorrhage such as gastrointestinal bleeding or intracranial bleeding was suspected as an etiology of their CA. This study was approved by the institutional review board of our hospital, and a waiver of consent was allowed because of the retrospective nature of the study (FN: KC16RISI0670).
Postcardiac arrest care
All comatose patients who were resuscitated after CA were eligible for TTM according to our previously published postcardiac arrest care protocols. 12 An endovascular cooling device (CoolGard Thermal Regulation System; Alsius Corporation, Irvine, CA, USA) or ArticSun (Bard Medical, Louisville, CO, USA) was used to induce a target temperature of 33°C. The target temperature was maintained at least for 24 hours. After 24 hours at 33°C, the patients were slowly rewarmed to 37°C at a rate of 0.25°C/hr. An arterial line was routinely inserted into a radial artery to monitor the blood pressure and obtain blood samples.
Data collection
The following patient variables were abstracted: age; sex; history of hypertension (HTN), diabetes mellitus and coronary artery disease, end stage renal disease on hemodialysis, liver cirrhosis, and malignancy; witnessed arrest; bystander cardiopulmonary resuscitation; first monitored rhythm; cause of arrest; time from collapse to ROSC; and glucose and hemoglobin concentration immediately after ROSC. The primary outcome was good neurologic status at hospital discharge defined as the Cerebral Performance Category (CPC) scores of 1 to 2. 13 Patients were dichotomized into "good outcome" (CPC 1 to 2) and "poor outcome" (CPC 3 to 5).
Statistical analysis
Fisher exact test and the chi-square test for categorical variables, the t-test or Mann-Whitney test for continuous variables were used for patient characteristics and comparisons between outcome groups based on the results of normality testing. The continuous data were presented as the means ± standard deviation or median (interquartile range) and categorical data were presented as frequencies and percentages. Univariate analyses were performed to test the association between each variable and poor neurologic outcome at hospital discharge. Variables with P-values < 0.200 in the univariate analysis were entered into the multivariate logistic regression model. The factors with P-values < 0.05 on the multivariate logistic regression model were considered as adjusted variables. Finally, history of HTN, time from collapse to ROSC, and initial shockable rhythm were selected as adjusted variables. To evaluate the association of hemoglobin concentration with good neurologic outcome at hospital discharge, hemoglobin concentrations were divided into quintiles using the following cutoff values: ≤11.2, 11.3-12.9, 13.0-14.1, 14.2-15.4, and ≥15.5 g/dL. Odds ratios (ORs) and 95% confidence intervals (CIs)
Hemoglobin after cardiac arrest were calculated with the lowest quintile as the reference. The hemoglobin concentration was examined as a continuous variable as well. We estimated receiver operating characteristic curves and compared the areas under the curves (C-statistic with 95% CI) in corresponding logistic models. Data were analyzed using the PASW Statistics ver. 18 (SPSS Inc., Chicago, IL, USA).
RESULTS
Four hundred nineteen patients with ROSC after CA were admitted to our emergency department during the study period. One hundred seventy three patients were excluded because they were not treated with TTM. A total of 246 patients were finally included in this study. Of these, 87 patients had a good neurologic out- come at hospital discharge. The respective mean ages of the good and poor outcome groups were 48.3 ± 15.8 and 56.4 ± 16.5 years (P < 0.001). Table 1 shows baseline characteristics of the patients according to neurologic outcome. The hemoglobin concentration after ROSC was higher in the good outcome group than in the poor outcome group (14.4 ± 2.0 vs. 12.8 ± 2.5, P < 0.001). When the hemoglobin was divided into quintiles, the higher the hemoglobin concentration, the higher the ratio of good outcome. The proportions of good outcome for each quintile were 12.5%, 23.5%, 33.3%, 55.1%, and 52%, respectively (Table 2 ). In the univariate analyses, age; history of HTN and diabetes mellitus; witnessed arrest; cardiac cause of arrest; time from collapse to ROSC; and shockable rhythm showed statistically significant associations with good neurologic outcome at hospital discharge. Variables with P-values < 0.200 on univariate analysis were entered into the multivariate logistic regression model. History of HTN, time from collapse to ROSC and initial shockable rhythm were finally selected as adjusted variables (Table 3) .
After adjusting for history of HTN, time from collapse to ROSC, and initial shockable rhythm, hemoglobin concentrations were associated with good neurologic outcome at hospital discharge. Patients in the 4th quintile of hemoglobin were 4.398 times more likely to have a good neurologic outcome compared with those in the lowest quintile of hemoglobin (Table 3 ). The adjusted ORs for 5th quintile was 3.870 (95% CI, 1.042 to 14.372). When examined as a continuous variable, hemoglobin concentrations after ROSC still showed an association with good neurologic outcome at hospital discharge (adjusted OR, 1.186; 95% CI, 1.008 to 1.395).
The association between different post ROSC hemoglobin levels and good neurological outcome at hospital discharge was assessed using the receiver operating characteristic curve. The area under the curve was 0.695 (95% CI, 0.628 to 0.712) and a post ROSC hemoglobin level > 13.3 g/dL had a sensitivity of 74.7% and specificity of 59.1% for predicting good outcome (Fig. 1) .
DISCUSSION
The main finding of this retrospective cohort study is that hemoglobin concentrations after ROSC are associated with neurologic outcome at hospital discharge. The results of this study were similar to previous studies that have included both patients receiving TTM and those who did not.
Optimal cerebral oxygen delivery is critical to the injured brain. Oxygen delivery is determined by cardiac output and arterial oxygen content, which is dependent on hemoglobin concentration, oxygen saturation and partial pressure of arterial oxygen. There is a slight debate, but some observational studies have demonstrated that supranormal arterial oxygen tension could worsen outcome after CA. [14] [15] [16] [17] [18] [19] The main detrimental effect of hyperoxia after CA is due to the increased reactive oxygen species and vasoconstriction of cerebral blood vessels. [20] [21] [22] Therefore, a strategy is needed to optimize oxygen delivery while avoiding the deleterious effects of hyperoxia. However, the most effective way to minimize oxidative damage while optimizing oxygen delivery is not yet known and should be further studied.
There is no specific study indicating that increasing hemoglobin concentration could improve neurologic outcome in patients with CA. However, hemoglobin concentration has been studied in several populations of critically ill patients. [23] [24] [25] [26] Most studies stated that a restrictive strategy of red cell transfusion is similar to a liberal transfusion strategy except in acute myocardial infarction. Thus, transfusions are generally accepted when the hemoglobin concentration is below 7 g/dL in non-bleeding critically ill patients. However, it is questionable whether this transfusion strategy should be applied equally to post CA patients. In our cohort, the good outcome rate of the first quintile of hemoglobin concentration is lowest among the five quintiles. Moreover, the 3 patients with hemoglobin less than 7 g/dL all died during their hospital stay. Furthermore, of the 25 patients with hemoglobin less than 10 g/dL only one patient survived. However, since transfusion was not investigated in this study, the effect of transfusion requires further investigation.
There have been some studies on hemoglobin concentration and outcome after CA. [23] [24] [25] [26] [27] Previous studies have consistently asserted that there is a relationship between hemoglobin concentration and outcome after CA, which is the same as in our study. However, most previous studies have included both patients receiving TTM and those who did not. The rate of patients with hemoglobin concentration less than 10 g/dL is significantly different between the study from Albaeni et al. 11 and our study (33% vs.
10%, respectively). Patients who were not treated with TTM are likely to have more comorbidities and this could be a potential bias. Therefore, we excluded the patients not treated with TTM. Nonetheless, hemoglobin concentration was associated with neurologic outcome, which is evidence that cerebral oxygenation is an important factor to improve outcome in patients after CA. Ameloot et al. 27 demonstrated that hemoglobin concentration had a strong linear relationship with mean cerebral oxygenation and hemoglobin concentration below 10 g/dL generally resulted in lower cerebral oxygenation. They also suggested that hemoglobin concentration below 12.3 g/dL during the 1st day of intensive care unit stay were associated with worse outcome after CA. The compensatory mechanism in post CA patients may be insufficient and anemia could aggravate the ischemic-reperfusion brain injury at higher hemoglobin thresholds. 28 Additionally, the oxyhemoglobin dissociation curve shifted leftward during therapeutic hypothermia. Thus, cerebral oxygenation depends even more on hemoglobin concentration. Our study has several limitations. First, this is a single-center study, which limits the generalizability of our findings. Second, this is a retrospective study that should be confirmed by a larger prospective multicenter study. Third, most of our patients were managed with therapeutic hypothermia at 33°C, irrespective of their initial rhythm. Therefore, our findings may not apply to patients who are treated with different management strategies. Fourth, only hemoglobin concentration at the time of admission was examined. Moreover, the impact of transfusion on patient survival is still unknown because transfusion during hospital stay was not investigated. This is major limitation of this study; the effect of transfusions should be further explored.
In conclusion, hemoglobin concentrations after ROSC are associated with neurologic outcome at hospital discharge. Future research to examine the association between hemoglobin levels and neurologic outcome after CA is warranted.
